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Abstract—The design, fabrication, and characterization of a
novel low-frequency meandering piezoelectric vibration energy
harvester is presented. The energy harvester is designed for
sensor node applications where the node targets a width-to-
length aspect ratio close to 1:1 while simultaneously achieving
a low resonant frequency. The measured power output and nor-
malized power density are 118 pW and 5.02 pW/mm?3/g?, re-
spectively, when excited by an acceleration magnitude of 0.2 g
at 49.7 Hz. The energy harvester consists of a laser-machined
meandering PZT bimorph. Two methods, strain-matched elec-
trode (SME) and strain-matched polarization (SMP), are uti-
lized to mitigate the voltage cancellation caused by having
both positive and negative strains in the piezoelectric layer
during operation at the meander’s first resonant frequency.
‘We have performed finite element analysis and experimentally
demonstrated a prototype harvester with a footprint of 27 X
23 mm and a height of 6.5 mm including the tip mass. The
device achieves a low resonant frequency while maintaining a
form factor suitable for sensor node applications. The mean-
dering design enables energy harvesters to harvest energy from
vibration sources with frequencies less than 100 Hz within a
compact footprint.

I. INTRODUCTION

IN the past decade, piezoelectric vibration energy har-
vesting has been studied as a power source for wireless
sensor nodes. Vibration energy harvesting is converting
mechanical vibration energy into useful electrical energy
by utilizing piezoelectric, electromagnetic, or electrostatic
transducers. Several review articles on piezoelectric vibra-
tion energy harvesting are available in the literature [1]—
[3]. The majority of the literature has focused on straight
piezoelectric unimorph or bimorph cantilever beam energy
harvesters [4]-[14], their optimization [8], and their model-
ing [6].

Energy harvesters are resonant devices and must be
designed for a specific environment or application to op-
timally harvest power. Vibration studies show that most
ambient vibration sources have peak vibration magnitude
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at low frequencies (less than 100 Hz) [15]-[17]. A spectral
vibration study by Reilly et al. showed that 71% of the 21
ambient vibration sources characterized had peak vibra-
tion amplitudes below 100 Hz [15]. The low resonant fre-
quency of vibration sources poses a problem in miniaturiz-
ing traditional piezoelectric cantilever harvesters because
as energy harvester size is decreased, the resonant fre-
quency tends to increase, which directly conflicts with the
desire to achieve a low resonant frequency [16]. The main
methods of decreasing resonant frequency are to increase
the beam length or tip mass. However, if the application
imposes constraints on length or tip mass, these methods
may not be feasible.

Several experimentally demonstrated thick film piezo-
electric energy harvesting devices from literature have
resonant frequencies ranging from 26 to 120 Hz [4]-[8].
The low resonant frequencies are achieved by increasing
the mass or length. The tip masses of the reported de-
vices range from 9 to 167 g, whereas the lengths range
from 28 to 96 mm. Using microfabrication, device thick-
ness can be decreased to decrease the resonant frequency;
however, microfabricated devices generally have relatively
high resonant frequencies, for example, 277 and 870 Hz,
as reported in [10] and [11]. Recently, two MEMS devices
achieved sub-100 Hz resonant frequencies [13], [14]; how-
ever, these devices have normalized power densities orders
of magnitude lower than bulk devices because of the poor
piezoelectric properties of thin-film piezoelectrics common
in MEMS energy harvesters.

A zig-zag energy harvester was presented recently to re-
duce the resonant frequency as compared with the typical
straight cantilever energy harvester [18]-[20]. The zig-zag
energy harvester is a fixed-free cantilever that has been
turned around on itself to achieve a compact footprint
while minimizing resonant frequency. In [19], it was shown
that the resonant frequency of an 11-segment zig-zag is
less than 1/17th that of a straight cantilever, showing
great potential for reducing resonant frequency.

In this paper, we present a meandering piezoelectric
vibration energy harvester designed to produce 100 pW
power output while excited at 0.2 g (where 1 g is 9.8 m/
s?) peak acceleration at 50 Hz within a footprint of 27 x
23 mm, using a tip mass of only 1.92 g. The meandering
design presented in this paper is a fixed-fixed design to
reduce torsion at the anchor when compared to the fixed-
fixed zig-zag design [18]-[20]. Additionally, full electro-
mechanical experimental results of the energy harvester
are presented, including harvested power. A preliminary
implementation of the meander device was first presented
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by the authors in [21]. The device in [21] consisted of
a strain-matched electrode (SME) design to avoid volt-
age cancellation. In this paper, the device power output
has been improved and a new strain-matched polarization
(SMP) scheme is introduced to improve device robustness
while avoiding voltage cancellation. Additionally, a more
in-depth analysis is performed to predict device perfor-
mance. The paper will present a qualitative analysis of the
structure, provide finite element analysis (FEA) to predict
performance, and experimental validation to verify the de-
vice operation.

The paper is organized as follows: Section II reviews
the traditional cantilever piezoelectric vibration energy
harvester approach. Section III discusses the operating
principle of the low-frequency meandering design. Sections
IV and V discuss the modeling, fabrication, experimental
procedure, and results of two meander designs used to
mitigate voltage cancellation and increase power output.
Finally, a discussion of the results and conclusion from
this work are provided in Sections VI and VII, respec-
tively.

II. TRADITIONAL VIBRATION ENERGY HARVESTER

Typical piezoelectric vibration energy harvesters con-
sist of a cantilevered piezoelectric bimorph beam as shown
in Fig. 1. The fixed end of the beam is connected to a
vibrating host structure and the free end of the beam has
a tip mass attached to increase power output and tune
the resonant frequency. The cross section consists of a
center shim, two piezoelectric layers, and two electrode
layers. The center shim is added to increase robustness
and acts as an electrode depending on the polarization
of the piezoelectric layers. The piezoelectric layers enable
the conversion of mechanical energy into electrical energy
via the piezoelectric effect. The electrode layers are thin
layers of electrically conductive material deposited on the
piezoelectric to collect the electric charge produced by the
strained piezoelectric.

Piezoelectric materials produce an electric displacement
when mechanically strained, or conversely a mechanical
deformation when an electric field is applied. The consti-
tutive equations for a piezoelectric material are described
n [22]. For a differential element of piezoelectric material
as shown in Fig. 1, with a uni-axial strain applied in the
1-direction, the electric displacement (Ds) is

%4
Dy = dg, 5\, + 53Td7’ (1)

where d3; is the piezoelectric strain coefficient, S) is the
applied 1-directed strain, Y7 is the Young’s modulus, ¢I"is
the permittivity at constant stress, V is the voltage across
the differential element and dZ is the element’s thickness
[8]. The subscripts denote the axes, where the 3-axis is
defined as the axis in the direction of polarization and, in
this case, the 1-axis is the direction of the strain, as shown
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in Fig. 1. Assuming no voltage across the electrodes (i.e.,
short circuit), the charge (g3) generated on the electrodes
by the strained piezoelectric element is

a3 = ADsl,_, = Ady SV, (2)
where A is the surface area of the differential piezoelectric
element. Similarly, the open circuit voltage (V3,.) of a
strained piezoelectric element is found by setting Dj to
zero in [17]

ds1dZY,
_ 31T 151.

V3,oc =
€3

(3)

The cantilever beam energy harvester operates as fol-
lows. The host structure vibrates in the 3-direction, caus-
ing the beam to deflect in the 3-direction, inducing an
alternating strain in the 1-direction as shown in the differ-
ential element. The alternating 1-directed strain, based on
(2), produces an alternating charge on the electrodes. The
actual charge produced on the beam electrodes requires
integration over the entire piezo volume with the exact
strain contour, but (2) shows the important result that
the generated charge is proportional to strain. The current
from the piezoelectric element through an attached elec-
trical load is proportional to the time derivative of charge
(I = dg/dt), and power is proportional to current squared;
therefore, the power from the piezoelectric element is pro-
portional to strain rate squared.

The mechanical resonant frequency of the energy har-
vester should be designed to closely match the driving
frequency of the vibration source to maximize vibration-
induced strain. Given that the power output is propor-
tional to strain rate squared, the output power will be
maximized at resonance [8]. The undamped natural fre-
quency of a cantilever in transverse vibration is given by

k 3YI/L}
w = ﬂ =
n Moy (33/140)ymL + M’

(4)
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where YT is the flexural rigidity of the beam, L is the
length of the beam, m is the mass per unit length, and M,
is the tip mass [23]. The highest vibration amplitudes of
typical vibration sources occur at low frequencies, below
100 Hz [15].

Based on (4), the resonant frequency can be decreased
by decreasing the spring constant or increasing the mass.
Some common methods of decreasing the resonant fre-
quency include: 1) increasing the beam length, 2) increas-
ing the tip mass, 3) decreasing the thickness (i.e., decreas-
ing Y1), and 4) decreasing the width (i.e., decreasing YI).
Increasing the length or tip mass may be limited by the
node size. It is possible to decrease the thickness to ap-
proximately 0.1 mm using bulk piezoelectric materials;
however, microfabrication is required for further thickness
reduction. Decreasing width or thickness while maintain-
ing tip mass and length is a possibility, but maximum
strain limitations must be considered. Additionally, de-
creasing the width of a beam while maintaining a constant
length will make the footprint aspect ratio (length divided
by width) of the energy harvester excessively large, which
may not be desirable because electronics and sensor nodes
generally have a rectangular shape with low aspect ratio.
In this paper, we decrease the spring constant by utilizing
a novel meandering structure, as shown in Fig. 2.

To more explicitly show that typical straight beam en-
ergy harvesters have difficulty meeting the low-frequency
specification within the given space, three straight beam
designs were simulated to compare their resonant frequen-
cies and power output to the specified design goals. The
design specification for this work is to achieve a resonant
frequency of 50 Hz within a footprint of approximately 27
x 23 mm. The three beam designs, with the same mate-
rial properties as the meander (discussed in Section IV),
are:

eLong fixed-fixed beam: A 234-mm-long fixed-fixed
beam with total length equal to the unfolded mean-
der’s length (Fig. 3).

o Wide fixed-fixed beam: A wide fixed-fixed beam with
a footprint of 27 x 23 mm. The structure is similar to
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Fig. 2. Simulated 1-directed strain contour of the proposed meandering
energy harvester, showing positive and negative strain locations along
the top piezoelectric layer surface. 6
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Fig. 3. First vibration mode (zdisplacement) of a fixed-fixed beam of
length equal to the unfolded meander length. a

that shown in Fig. 4, except the tip mass is located
at the center of the beam and the structure has fixed-
fixed boundaries.

e Fixed-free beam: A wide fixed-free beam with a foot-
print of 27 x 23 mm and tip mass extending the en-
tire width of the beam (Fig. 4).

The three straight-beam simulation results are com-
pared with the desired specifications in Table I. The long
fixed-fixed beam achieves a low resonant frequency of
19.9 Hz; however, it has an excessively long length of 234
mm, which makes it unsuitable for most applications. Ad-
ditionally, the long fixed-fixed beam exceeds the maxi-
mum strain limit of 500 pstrain by 40% (700 pstrain).
The other two beams, wide fixed-fixed and wide fixed-
free, have resonant frequencies of 1648 and 175 Hz, respec-
tively, which are much higher than the desired resonant
frequency of 50 Hz. In the remainder of the paper, the
meandering energy harvester will be introduced, discussed
in detail, and shown to meet the desired specifications.
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Fig. 4. First vibration mode (zdisplacement) of a wide fixed-free canti-

lever. a
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TABLE I. BEAM SIMULATION RESULTS.

Footprint Tip mass o Power (sim.)
Design (mm) (&) (i12) (W)
Desired specification 27 x 23 1.92 50 100
Meander (SMP) 27 x 23 1.92 49.7 130
Long fixed-fixed beam 234 x 1.5 1.92 19.9 310*
Wide fixed-fixed beam 27 x 23 6.55 1648 10.2*
Wide fixed-free beam 27 x 23 6.55 175 89.8

*Used two electrodes to avoid voltage cancellation.

The meander strain-matched polarization (SMP) design is introduced in Section V.

III. MEANDERING ENERGY HARVESTER
A. Meandering Harvester

Reduction of the mechanical resonant frequency is
achieved in this work by a meandering piezoelectric vi-
bration energy harvester design. To the author’s knowl-
edge, this is the first time a meandering structure has
been experimentally demonstrated in piezoelectric vibra-
tion energy harvesting. Meandering structures are com-
monly used in antenna design to reduce antenna size [24]
and in MEMS switches to decrease the actuation voltage
by reducing the spring constant [25]. Additionally, piezo-
electric meanders have been implemented to achieve large
displacements with relatively low actuation voltages in mi-
cropositioners [26] and micromirrors [27].

The proposed meandering energy harvester is shown in
Figs. 2 and 5. Essentially, the meander is a long straight
fixed-fixed beam which has been bent to reduce the maxi-
mum dimension (i.e., length) of the harvester. The mean-
der structure reduces the spring constant when compared
with a similar length fixed-fixed beam. The reduction in
spring constant leads to a lower resonant frequency, and
the meandering reduces the maximum dimension com-
pared with a straight beam. The meander uses the same
bimorph material cross section as the straight cantilever
shown in Fig. 1. A tip mass is attached to increase power
output and tune the resonant frequency.

The meandering structure is a fixed-fixed structure.
Fixed-fixed structures typically have higher resonant fre-
quencies than similar fixed-free structures; however, simu-
lations showed that utilizing a fixed-free structure with
only one half of the meander structure (i.e., above the
dashed line in Fig. 5) resulted in approximately 1.3x
higher shear strain at the anchor points and connections
between meander segments. The higher shear strain can
cause fracture in the electrode and piezoelectric material,
leading to failure. Therefore a fixed-fixed structure was
chosen to reduce torsion at the anchor and increase overall
robustness.

B. Meander Voltage Cancellation

A problem of voltage cancellation potentially reduces
power output in piezoelectric energy harvesters. Based on
the definition of a piezoelectric material, as seen specifi-
cally in (3), the voltage produced on the electrodes of a

piezoelectric material is proportional to the strain in the
piezoelectric layer. Therefore, if an element of piezoelec-
tric material has a positive strain (tension) in one location
and a negative strain (compression) in another location,
negative and positive voltages will be produced across the
piezoelectric material. If a continuous electrode covers the
entire piezoelectric layer, the negative and positive voltag-
es will tend to cancel. This concept was presented in [28]
for a straight cantilever beam, in which the term strain
node was defined as the location on the beam where the
bending strain distribution changes sign for a vibration
mode. Therefore, to avoid voltage cancellation, the idea of
cutting the electrode at strain nodes was introduced [28],
and is referred to as SME in this paper.

The meander has a first resonant mode shape with
both positive and negative strains present in the piezo-
electric layers, resulting in voltage cancellation. Consider
a two-beam meander section with tip mass, as shown in
Fig. 6. During resonant operation, the motion of the tip
mass causes beam 2 to bend down. This leads to a torque
on the section connecting beam 1 to beam 2. This torque
is transferred to the end of beam 1. The other boundary of
beam 1 is vibrating with relatively small amplitude, and is
essentially fixed. The torque is transferred from beam 2 to
beam 1, causing beam 1 to bend up. Based on this quali-
tative analysis, beam 1 and beam 2 have opposite curva-
tures. The opposite curvatures result in opposite strains
in the piezoelectric layers of beam 1 and beam 2, therefore
resulting in voltage cancellation if a single electrode covers
the piezo layers of both beams, based on (3).
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Fig. 5. Top view of meandering piezoelectric vibration energy harvester
with dimensions, strain-matched electrodes, and strain-matched polar-
izations shown.
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Fig. 6. Top and side views of a two-beam meander at peak amplitude
showing positive and negative strains in the top piezoelectric layer.

This analysis of the contour in a simplified two-beam
meander can be extended to the meander shown in Fig.
2. To verify this intuitive conclusion, the meander was
simulated and the strain contour was plotted as shown
in Fig. 2. The strain along the top electrode—piezoelectric
interface shows both positive (+) and negative (—) strain
components, leading to both negative and positive volt-
ages. If we assume that only a single electrode is deposited
on the piezoelectric layer, the positive and negative volt-
ages will cancel, significantly reducing the power output.
We call this the single-electrode device.

The voltage cancellation issue was resolved in this work
by two methods: SME and SMP. The basic idea is to sepa-
rate the positive and negative strain regions. The model-
ing, fabrication and experimental results will be given for
both devices in the following sections.

IV. DESIGN 1: STRAIN-MATCHED ELECTRODE

In the SME technique, two electrodes are used to sepa-
rately harvest energy from the positive and negative strain
regions. The electrodes of the SME design are shown in
Fig. 5. Electrode E1 covers the piezoelectric material at
strain locations of one polarity (i.e., strain > 0) whereas
electrode E2 covers strain locations of the opposite polar-
ity (i.e., strain < 0). The two electrodes are electrically
isolated at strain nodes to avoid cancellation of negative
and positive voltages.

A. Modeling and Simulation

Full analytic modeling of the meandering energy har-
vester is beyond the scope of this paper. The approach we
take to model the energy harvester and predict its perfor-
mance is to reduce the model to a single mode lumped-
element, spring-mass-dashpot system with piezoelectric
coupling included. The power output from the device can
then be determined from the overall system parameters
[16]. The system parameters are determined by finite ele-
ment analysis (FEA) in this work. The system parameters
used to calculate the harvested power include base ac-

celeration amplitude (A (pear)), effective mass (me,), natu-
ral frequency (wy), normalized frequency (£2), normalized
resistance (r), damping ratio (¢), and electromechanical
coupling (k).

The acceleration is determined by the particular appli-
cation and operating environment; in our application, it
has an amplitude of 0.2 g at 50 Hz. The equivalent mass
() can be found by solving (4) for me, using the spring
constant and natural frequency, or by extracting it from
the FEA results. The natural frequency (f,) is found us-
ing a modal analysis in the FEA simulation. The operat-
ing frequency is assumed to match the natural frequency
(2 = 1) and the resistance can vary, although there is an
optimal resistive load at 7 = 1. The only system param-
eter that cannot be determined through simulation is the
mechanical damping factor (¢), which must be determined
experimentally.

The electromechanical coupling coefficient (k,) is an
important system parameter for piezoelectric energy har-
vesters [17]. The electromechanical coupling is a measure
of a material or system’s ability to convert mechanical
energy into electrical energy or vice versa. In energy har-
vesting, k. is ideally maximized, leading to a high conver-
sion of mechanical energy into electrical energy. Values
of k. for different piezoelectric materials range from 0.11
to 0.91 [17]; however, the system’s coupling coefficient is
usually lower than the piezo material’s coupling coefficient
because of the use of structural materials. The system
coupling coefficient of a device can be found by

2 2
kg _ .fOCfl2 fSC, (5)

where f,. and f, are the open-circuit and short-circuit
resonant frequencies [8]. The electromechanical coupling
coefficient was found in simulation by performing a modal
analysis of the meander in the open-circuit and short-cir-
cuit (i.e., all electrodes shorted together) configurations to
determine the resonant frequencies.

Using the system parameters, the rms ac power output
can be calculated from

2
1 (mch(pcak) )

Pac,rms = 5 w-m
n

eq

rkEZQQ
L= 1+ 20r)Q%% + [ + k2rQ + 200 — rQ%)*
(6)

which is derived from a single mode spring-mass-dashpot
model with piezoelectric coupling included. The deriva-
tions and details of (6) can be found in [16].

The finite element modeling package Ansys 11.0 (Ansys
Inc., Canonsburg, PA) was used to determine the energy
harvester system parameters. The center shim and tip
mass were modeled using Ansys element SOLID45 and
the piezoelectric was modeled using element SOLID5. All
nodes of the center shim were set to a voltage of zero to

I
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specify it as the reference electrode. The electrodes on the
piezoelectric surface were modeled by selectively coupling
the VOLT degree-of-freedom. The SME design selectively
coupled the voltages of specific meander beam sections to
achieve the electrode configuration seen in Fig. 5.

The nodes attached to the vibrating host structure
were excited at the desired acceleration amplitude with a
harmonic-imposed displacement as determined from

_ Atpear)
Y] = o, g

where Y is the imposed base displacement amplitude,
A(pear) 1s the peak acceleration amplitude and fis the first
mode resonant frequency [29].

The model was analyzed using a harmonic analysis to
find the strains and voltages produced across the elec-
trodes as shown in Figs. 2 and 7. The strain shows both
positive and negative values, as discussed previously, lead-
ing to both positive and negative voltages. The single-
electrode device has an open-circuit voltage amplitude of
1.62 V. On the other hand, the SME design has an open
circuit voltage of —6.57 and 9.29 V for electrodes E1 and
E2, respectively. The SME design has higher voltage than
the single electrode design because of the avoidance of
voltage cancellation.

-6.73 1.615 Volts

STEP=1
SUB =1
FREQ=48
Center shim is at 0 Volts
(a)
-6.57 Volts
(E1: Blue)

3.34
5.33
7.31
5.28
STEP=1
SUB =1
FREQ=49

Center shim is at 0 Volts 9.29 Volts (E2: Red)

(b)

Fig. 7. Simulated open-circuit voltages (as referenced to the center shim
electrode) for (a) single-electrode and (b) strain-matched electrode de-

signs. &%

A Dbrief comparison of the relative charge produced by
each device can be obtained by looking at the peak charge
stored by the device. The charge stored in the piezoelec-
tric capacitance can be calculated as

Qcap =V, (8)

where C'is the capacitance between electrodes, V is the
voltage produced, and Qe is the total charge produced
by the harvester at peak displacement. The capacitance of
the single-electrode design is 58.7 nF, whereas the SME
has capacitances of 37.4 and 16.3 nF for E1 and E2, re-
spectively. Based on the voltage and capacitance values,
the charge stored in the piezoelectric capacitor at the peak
displacement is 94.8 and 397 nC (246 nC + 151 nC) for
the single-electrode and SME designs, respectively. The
charge analysis clearly shows that the SME design pro-
duces more charge than the single-electrode design, giving
an approximate comparison of the two configurations.
The simulated system parameters of the single elec-
trode and SME meandering harvesters are shown in Table
II. Because of voltage cancellation, the single electrode de-
sign is expected to have a much lower coupling coefficient
(k.), which is evidenced by the 0.045 and 0.23 coupling
coefficients of the single-electrode and SME designs, re-
spectively. Therefore, the SME design has a much higher
power output. Based on the simulated system parameters,
the estimated power outputs are 14 and 120 pW for the
single-electrode and SME designs, respectively.

B. Fabrication

The piezoelectric material used to fabricate the device
consists of a parallel-poled bimorph (T226-A4-503Y, Piezo
Systems Inc., Woburn, MA). The material has a cross sec-
tion as shown in Fig. 1, consisting of two 0.27-mm-thick
industry-type 5A lead zirconate titanate (PZT) piezoelec-
tric layers, a 0.13-mm-thick center brass layer, and thin
nickel electrodes. Table III shows the material properties
and other model parameters. The acceleration magnitude
of 1.96 m/s? is a typical value for many ambient vibra-
tions, for example, a Lenovo laptop or a heating, ventila-
tion, and air conditioning (HVAC) vent [15].

The meandering piezoelectric energy harvesters were
fabricated by laser-machining the bimorph material us-
ing a femtosecond pulsed laser. The material moved on a

TABLE II. ENERGY HARVESTER SYSTEM PARAMETERS.

Single
Parameter electrode SME SMP
A(peak) (m/s?) 1.96 1.96 1.96
Meq () 2.8 2.8 2.8
£, (Hz) 48 49 49
Q= f/f, 1 1 1
r 1 1 1
¢ 0.018 0.018 0.016
ke 0.045 0.23 0.21
Pac.,max (W) 14 120 130

SME = strain-matched electrode; SMP = strain-matched polarization.
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high-precision three-axis motion stage controlled by cus-
tom CAD-CAM software. The meander is shown in Fig. 8,
after completion of laser machining. Electrical isolation of
the electrodes was accomplished by brazing the electrode
at the electrode disconnect locations.

In the SME design, the separate segments of electrode
E1 were electrically connected using thin wires soldered
to the electrodes between meander sections, as seen in
Fig. 9. Electrode E2 was connected similarly. After the
electrode connections were made, the device was attached
to an FR4 mount with cyanoacrylate. Wires were soldered
to the electrodes to make electrical connections to the
device. Three wires were attached: one for the brass shim
(i.e., reference electrode), one for electrode E1, and one for
electrode E2. The center brass was accessed by removing
a portion of the top layer of piezoelectric material. The
wires were bonded to the FR4 to hold the wires in place
during mechanical excitation.

C. Ezxperimental Results

The fabricated devices were tested to validate the mod-
eling results. Voltage was measured with an oscilloscope
with 1 MQ input resistance and a 10:1 probe. As a result,
any load resistor connected to the circuit was adjusted to
account for the input resistance of 10 M. The imposed
displacement vibration was applied with an electrody-
namic shaker (TV 51120, TIRA GmbH, Schalkau, Ger-
many). The acceleration of the imposed displacement was
measured with a single-axis MEMS accelerometer (CXL-
04GP1Z, Crossbow Technology Inc., San Jose, CA). The
meandering energy harvester attached to the FR4 was
mounted on the vibration shaker with screws, as shown
in Fig. 9.

The SME design has three electrodes: E1, E2, and the
center shim electrode, each at a different voltage in the
open-circuit condition, as shown schematically using a
simplified piezoelectric model in Fig. 10. The highest volt-
age difference is seen from electrode E1 to E2, therefore

Electrode Disconnects

Fig. 8. Laser-machined meandering piezoelectric energy harvester. A US
quarter is shown for scale. a

the electrical load should be connected across these elec-
trodes. Connecting the load from E1 to E2 means that the
piezoelectric layers under E1 are electrically in series with
the piezoelectric layers under E2. If E1 and E2 are electri-
cally connected together, the SME acts as a single-elec-
trode meander because the positive and negative strain
electrodes are shorted, resulting in voltage cancellation.
The single-electrode meander was measured in this way.
The open-circuit and short-circuit resonant frequencies
were measured to determine the system coupling coeffi-
cient from (5). The open-circuit resonant frequency was
determined by sweeping the shaker excitation frequency
to find the frequency which produced the highest volt-
age amplitude. The short-circuit resonant frequency was
measured by connecting the energy harvester directly to a
1 kQ load, or less than 1/50 the optimal load, to approach
the short-circuit condition, and sweeping the frequency
again to maximize the voltage. A sweep of the open-circuit
output voltage versus frequency is shown in Fig. 11. The
measured open-circuit and short-circuit resonant frequen-
cies of the SME design were 49.8 and 48.9 Hz, respective-
ly. The measured resonant frequencies are within 3% of
the simulated values. The deviation in resonant frequency
can be explained by differences in material properties and
fabrication tolerance. Another point to note from Fig. 11
is that the frequency response curve shows some small
asymmetry. This asymmetry is potentially a result of

TABLE III. MATERIAL AND SIMULATION PROPERTIES.

Piezoelectric properties

Relative dielectric constant (g,)
33 Piezoelectric strain coefficient (ds3)
31 Piezoelectric strain coefficient (dz;)
Piezoelectric density p,
Elastic modulus (y.F)
Elastic modulus VR
Piezo thickness (t,)
Shim and tip mass properties
Shim density (ps)
Shim elastic modulus (E;)
Center shim thickness(t)
Tip mass density (pim)
Other parameters
Acceleration magnitude (A (year))
Device volume
Tip mass
Total device mass

1800

390 x 1012 m/V
~190 x 1012 m/V
7800 kg/m?

5.2 x 1010 N/m?
6.6 x 1010 N/m?
0.27 mm

8500 kg/m?

10 x 101 N/m?
0.13 mm

7400 kg/m?

1.96 m/s2
588 mm3
192 ¢
44 g
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Fig. 9. Strain-matched electrode meandering energy harvester mounted
on electrodynamic shaker for testing. £

some form of nonlinearity in the device, however, further
study is required to determine its exact source.

The open-circuit and short-circuit resonant frequencies
are used to calculate the coupling coefficient as in (5).
The SME measured coupling coefficient is 0.19. Table IV
compares the simulated and measured electromechanical
coupling. The measured coupling coefficient is lower than
the simulated value. The difference between the measured
and simulated coupling coefficients is explained by the
lack of modeling of the bonding layers and material prop-
erty variation.

The mechanical damping ratio () of the structure was
determined from a ring-down test by exciting the energy
harvester at its resonant frequency and abruptly stopping
the shaker to view the ringdown waveform. The damping
ratio was calculated from the ring-down waveform based
on the equation

¢= gt 2) )

2mn "\ z,

where z; is the voltage magnitude at one peak of the oscil-
lation and =, is the peak voltage n periods later [17]. The
SME’s measured damping ratio was calculated as 0.018 by
averaging 10 measurements, which had a standard devia-
tion of 0.0018. The damping ratio heavily influences the
open-circuit voltage amplitude and, therefore, power out-
put. Comparing the finite-element-simulated peak open-
circuit voltage and the measured open-circuit voltage in
Table IV, which deviate by less than 5%, it is concluded
that the ring-down test gives a good estimate of the me-
chanical damping ratio.
SME

SMP

E1
(Positive voltage) g

El
(Positive Voltage)

Center Brass Shim

Center Brass Shim
3 (0 volts)

(0 volts)

E2
(Negative Voltage)

E2 (repoled>
Positive Voltage)

Fig. 10. Schematic showing voltage polarity of strain-matched electrode
(SME) and strain-matched polarization (SMP) designs with simplified
piezoelectric model.

10
—+— Single
—&— SME (E1)
ﬁ;\}; —A— SME (E2)
P A —&—SMP
A

7.5+

Open Circuit Voltage (Vpeak)
()

40 45 50 55 60
Frequency (Hz)

Fig. 11. Measured open-circuit voltage of meandered piezoelectric energy

harvester versus frequency. &%

The ac rms power output was measured by connect-
ing the energy harvester directly to a load resistor. The
resistance was swept to find the optimal load. Power out-
put as a function of resistance is shown in Fig. 12. The
SME design achieved optimal power output of 105 pW at
a load resistance of 380 k2. The dc power output was also
measured by connecting the harvester to a diode bridge
rectifier consisting of 4 BAT46 diodes (ST Microelectron-
ics, Geneva, Switzerland) and a 3.3-pF filter capacitor.
The dc power at the optimal load of 600 k2 was 84 pW.
The simulated power output using the spring-mass-dash-
pot model and finite element simulation results is higher
than the measured power output because the measured
coupling coefficient is lower than the simulated value, as
seen in Table IV. If the measured k, is substituted into
the spring-mass-dashpot power equations, the calculated
optimal power is close to the measured optimal power.

Two figures of merit to compare energy harvesters are
power density (PD) and normalized power density (NPD).
The power density is the power per device volume, and
the NPD is defined as the power density per acceleration
squared. The power density and normalized power density
for the SME design are 0.18 pW/mm? and 4.46 pW/mm?/
¢?, respectively. Thick-film bulk-PZT devices reported in
the literature have NPDs ranging from 0.004 to 6.8 pW/
mm?/g* [4]-[6], [8].

The single-electrode device was measured using the
SME design with electrodes E1 and E2 electrically con-
nected together. The single-electrode design open- and
short-circuit resonant frequencies were too close to be ex-
perimentally observed, therefore the coupling is very low.
The measured damping was 0.018. The measured open-
circuit voltage amplitude was 1.55 V. The maximum ac
rms power output of the single-electrode design operat-
ing at its resonant frequency of 48.6 Hz was 5.5 pW at a
load resistance of 60 k2. The dc power was measured as
5.0 pW at 60 k2. As expected, the power output of the
single-electrode device is well below that of the SME de-
sign because of voltage cancellation.
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TABLE IV. SIMULATION (SIM.) AND MEASUREMENT (MEAS.) RESULTS.

Single electrode SME SMP

Sim. Meas. Sim. Meas. Sim. Meas.
fse (Hz) 47.94 47.7 48.9 47.9 48.9
foe (Hz) 48.0 48.6 49.0 49.8 49.0 49.7
ke 0.045 — 0.23 0.19 0.21 0.18
Voe(peak) (V) 1.6 1.6 15.9 15.8 8.1 7.7
¢ — 0.018 — 0.018 — 0.016
Pocyms (WW) 14 5.5 120 105 130 118
Ryt () 50 60 500 380 90 60
P,/vol. (WW/mm3) 0.026 0.009 0.213 0.18 0.238 0.20
NPD (pW/mm3.g?) 0.64 0.225 5.23 4.46 5.94 5.02
Pye (WW) 5 84 93

SME = strain-matched electrode; SMP = strain-matched polarization; NPD = normalized power density.

V. DESIGN 2: STRAIN-MATCHED POLARIZATION

In the SMP technique, the piezoelectric material is re-
poled such that the piezoelectric layers under E2 have a
polarization opposite that of the material under E1. This
repolarization is shown schematically in Fig. 10. The SMP
approach effectively inverts the voltage polarity of one of
the electrodes of the SME design so that in the first vi-
bration mode, the electrodes will have the same voltage
polarity. Having the same voltage polarity on E1 and E2
allows E1 and E2 to be connected together, as shown in
Fig. 10, connecting their piezoelectric layers electrically in
parallel. The SMP scheme uses a single continuous elec-
trode across the entire piezoelectric, and therefore does
not require complicated wiring between electrodes as the
SME design does.

A. Modeling and Simulation

The SMP used the same modeling and simulation pro-
cedure discussed for the SME design. The re-poled piezo-
electric was modeled in Ansys using two relative coordinate
systems, one with the 3-axis (or polarization direction) in
the positive zdirection to represent polarization of the

—+— Single (meas.)
©~ SME (meas.)
LN —»—SMP (meas.) ||
b —==-Single (sim.)
O e <= SME (sim.)
o T e SMP (sim.)

125¢

=3 H
0 E
g : 4 .
5 75+ g e
T A i T
= & TN e,
o G TR e
g 508 0 T
2 :
< 25f
s
0 0.25 0.5 0.75
Resistance (MQ)

Fig. 12. Measured and simulated ac power of meandered piezoelectric
energy harvester versus resistance for single-electrode, strain-matched
electrode (SME), and strain-matched polarization (SMP) designs. &§

piezoelectric material under electrode E1 and the other
in the negative zdirection to model the opposite polar-
ization of piezoelectric material under electrode E2. The
simulated open-circuit device voltage is shown in Fig. 13.
The simulation results for the SMP are listed in Table IV.
The simulated optimal power output is 130 pW, slightly
higher than the SME simulated power output because of
the lower experimentally observed damping.

B. Fabrication

The SMP design was laser-machined in the same way
as the SME design, with the electrode disconnections as
shown in Fig. 8. To selectively re-pole the piezoelectric
material, the device was sandwiched between two printed
circuit boards (PCBs) fabricated to connect an external
supply to specific electrodes of the meandering device. An
electric field of 2600 V/mm (700 V across 0.27 mm) was
applied between the center brass shim and the outer elec-
trode for a duration of 45 min to re-polarize the piezoelec-
tric material. The value of 2600 V/mm is based on the
50 to 100 V/mil (2000 to 4000 V/mm) recommended by
the material manufacturer to re-pole the material. After
repoling, the electrode was repaired at the electrode dis-
connects with a silver conductive pen to form a single elec-
trode covering the piezoelectric layer. Fig. 14 shows the
fabricated SMP meandering energy harvester mounted for
testing on the electrodynamic shaker.

C. Experimental Results

The SMP design was measured using the same proce-
dure as the single-electrode and SME designs. The results
are summarized in Table IV. The measured open-circuit
and short-circuit resonant frequencies were 49.7 and
48.9 Hz, respectively, resulting in a coupling coefficient of
0.18. The measured damping was 0.016, which is lower
than the 0.018 damping of the SME design. The higher
damping of the SME is potentially due to the soldered
wires connecting the electrode segments and variations
in fabrication. The measured open-circuit voltage ampli-
tude was 7.7 V. The maximum ac rms power output of
the SMP design operating at its open-circuit resonant fre-
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-8.08 Volts

L

Open Circuit Voltage
(sMP)

-8.08
~6.73
-5.38
-4.03
-2.68
-1.33
0.02
1.37
2.72

STEP=1
SuB =1
FREQ=49
Center shim is at 0 Volts

Fig. 13. Simulated open-circuit voltage (as referenced to center shim) for
the meandering strain-matched polarization (SMP) design. “

quency was 118 uW at a load resistance of 60 k2. The
dc output power was measured to be 93 pW at a load of
150 k2. The SMP design achieves a slightly higher power
output than the SME design because of its lower damping.

The SME and SMP show different optimal load resis-
tances, although they have the same dimensions and tip
mass. The measured power output is a function of load
resistance as shown in Fig. 12 for the single-electrode,
SME, and SMP designs. The optimal load depends on
many factors, but here we focus on the configuration of
the piezoelectric material. In the SME design, the piezo-
electric layers under electrode E1 and E2 are connected
in series as shown in Fig. 10, resulting in the addition of
their voltages. The SMP design, with one electrode re-
poled, has the piezoelectric layers all connected in parallel,
which results in a higher current rather than higher volt-
age compared with the SME design. Based on Ohm’s law,
the higher voltage of the SME design results in a larger
source impedance, requiring a larger load resistance to
match this impedance.

In summary, by utilizing the meander-shaped energy
harvester, the single-electrode, SME, and SMP designs
have their own advantages and disadvantages. A low reso-
nant frequency of 50 Hz within a compact space is the key
advantage of all three devices. The single-electrode device
shows the lowest performance as a result of voltage can-
cellation, however manufacturing is the least complex be-
cause a single continuous electrode can be used. The SME
and SMP designs achieve a significantly higher power out-
put (about 20x higher) compared with the single-elec-
trode device because of avoidance of voltage cancellation,
but at the expense of increased manufacturing complexity.
The SME design requires the separate electrode segments
of electrode E1 and E2 to be connected with thin wires
soldered between segments, which potentially reduces de-
vice robustness and increases manufacturing complexity.
The SMP design removes the need for connecting separate
electrode segments; however, the repolarization of specific
piezoelectric segments adds manufacturing complexity. Of
the three designs, the SMP is the most robust device, with
the highest performance.

VI. DISCUSSION

A sample of energy harvesters from literature, using
PZT, lead magnesium niobate-lead titanate (PMN-PT),
AIN, and MEMS fabrication techniques (M), are listed
in Table V. The most common energy harvester figures
of merit stated in literature are PD and NPD. NPD gives
a fairer comparison across applications, because it takes
into account the acceleration amplitude. The meandering
energy harvester has an NPD of 5 pW/mm3/¢?, which is
comparable to other bulk PZT devices with NPD ranging
from 0.004 to 6.8 pW/mm?3/g%. The NPD of the device
in [7] is much higher than the rest because the device
uses PMN-PT, which has significantly higher piezoelectric
constants.

The natural frequencies of the devices in Table V range
from 26.375 Hz to 13.9 kHz because of their various di-
mensions and material properties. Ideally, in energy har-
vesting, we would like to minimize device resonant fre-
quency, while also minimizing the volume. A new figure
of merit, called the frequency figure of merit (fron) is
introduced here to compare various energy harvesters of
different sizes. The fron metric is defined as the product
of frequency and device volume; low values are desired.
Comparing the meandering device to the bulk devices in
[4]-[8], the meander has the lowest fron of 29.2 cm?-Hz.
The MEMS fabricated devices in [9]-[12] all have resonant
frequencies higher than 190 Hz, which is too high for most
ambient vibration sources. However they are capable of
achieving a low fron, as low as 0.228 cm3-Hz. The reason
for the lower fron of the MEMS devices is that by utiliz-
ing micromachining techniques, the thickness of the beam
can be significantly reduced, achieving a length-to-thick-
ness ratio of up to 1000:1. The MEMS devices in [13] and
[14] do achieve low resonant frequencies of 47 and 85.5 Hz,
respectively, because of their high length-to-thickness ra-
tio; however, their power output and normalized power
density are several orders of magnitude lower than the

Fig. 14. Strain-matched polarization (SMP) meandering energy harvest-
er mounted on electrodynamic shaker for testing. £
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TABLE V. ENERGY HARVESTER MEASUREMENT RESULTS FROM THE LITERATURE.

RMS power Frequency — Accel. Vol. from Tip mass PD NPD

(pW) (Hz) (gpeak) (mm?) (cm3-Hz) (g) (LW /mm?) (pW/mm3-g%) Method Reference
118 49.7 0.2 H88 29.2 1.92 0.20 5.02 PZT This work
86 26.375 0.17% 21280 561 153 0.004 0.14 PZT [4]

29.3 27 0.05 3106 83.9 52 0.009 3.77 PZT [5]

23900 45.6 1 3520 160 12 6.8 6.8 PZT [6]

19000 60 0.2 26240 1574 167 0.72 18.1 PMN-PT (7]

375 120 0.25 1000 120 9 0.375 6 PZT 8]

65 190 7.1 1.2 0.228 0 54.2 1.07 PMN-PT (M)  [9]

32.2 277 1 31* 8.5 0.07 1.04 1.04 AIN (M) [10]
0.565% 870 8 3.75 3.26 0.003 0.150 0.0024 PZT (M) (11]

1 13900 10.6* 0.027 0375 N/A 37.04 0.33 PZT (M) 12]
0.0855 A7 1 10.1 0.475 0.023 0.0085 0.0085 PZT (M) (13]
0.00029 85.8 0.166 3.43% 0.294 0.008* 8.45 x 10° 0.0031 PZT (M) [14]

*Values have been interpolated from data given in the referenced literature.

PD = power density; NPD = normalized power density; PZT = lead zirconate titanate; PMN-PT = lead magnesium niobate-lead titanate; (M) =

MEMS-fabricated.

bulk thick film devices because of the fabrication difficul-
ties in making high-quality thin-film piezoelectric layers.

An additional advantage of the meander design not dis-
cussed in this paper is the potential for wideband energy
harvesting. The meander’s close natural frequency spacing
can be exploited to achieve a large bandwidth [30]. Future
work will focus on further exploration of using the mean-
der for bandwidth enhancement.

VII. CONCLUSION

In this paper, the design, simulation, and experimental
results of a compact, low-frequency, piezoelectric vibration
energy harvesting device were presented. The meander-
shaped piezoelectric energy harvester effectively achieves
a lower resonant frequency compared with a straight can-
tilever-beam harvester of similar length, allowing effective
harvesting from low-frequency vibrations. The meander
design is especially promising for reducing resonant fre-
quencies in MEMS energy harvesters, which have been
suggested to have a lower resonant frequency limit of
100 Hz [31]. Voltage cancellation in the meander design
was mitigated by using the SME and SMP designs, im-
proving the power output by over 10x compared with the
single-electrode meander device. The meander achieves an
NPD of 5.02 pW/mm3/¢%, which is comparable to previ-
ously reported devices in literature. The ac and dc power
output from the device under typical ambient vibrations
(0.2 g at 49 Hz) were measured to be 118 and 93 pW, re-
spectively, potentially enough to power a low-power, low-
duty-cycle wireless sensor node system. Future studies of
the meandering design should include analytic modeling,
device optimization, MEMS fabrication, and integration
with an entire sensor node.
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